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Abstract
The Mg2 cofactor of the F1F0 ATP synthase is required for the asymmetry of the catalytic sites that leads to the
differences in affinity for nucleotides. Vanadyl (VIVNO)2 is a functional surrogate for Mg2 in the F1-ATPase. The 51V-
hyperfine parameters derived from EPR spectra of VO2 bound to specific sites on the enzyme provide a direct probe of the
metal ligands at each site. Site-directed mutations of residues that serve as metal ligands were found to cause measurable
changes in the 51V-hyperfine parameters of the bound VO2, thereby providing a means by which metal ligands were
identified in the functional enzyme in several conformations. At the low-affinity catalytic site comparable to LE in
mitochondrial F1, activation of the chloroplast F1-ATPase activity induces a conformational change that inserts the P-loop
threonine and catch-loop tyrosine hydroxyl groups into the metal coordination sphere thereby displacing an amino group
and the Walker homology B aspartate. Kinetic evidence suggests that coordination of this tyrosine by the metal when the
empty site binds substrate may provide an escapement mechanism that allows the Q subunit to rotate and the conformation of
the catalytic sites to change, thereby allowing rotation only when the catalytic sites are filled. In the high-affinity
conformation analogous to the LDP site of mitochondrial F1, the catch-loop tyrosine has been displaced by carboxyl groups
from the Walker homology B aspartate and from LE197 in Chlamydomonas CF1. Coordination of the metal by these
carboxyl groups contributes significantly to the ability of the enzyme to bind the nucleotide with high affinity. ß 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction
ATP is used as a common source of cellular energy
because the F1F0 ATP synthase uses the transmem-
brane proton gradient to drive the reaction
ADP PO334  2HIATPH2O
far to the right, away from equilibrium [1]. Under
these conditions, most enzymes are susceptible to
product inhibition where ATP either out-competes
ADP for binding to the substrate-binding site, or
drives the reaction in reverse. Although this enzyme
can serve as an ATPase-driven proton pump, in
many cases this activity is minimized by regulatory
mechanisms.
The chloroplast F1F0 ATP synthase is among the
most highly regulated of ATP synthases [2]. The cat-
alytic activity of chloroplast F1 puri¢ed from F0 and
the thylakoid membrane is latent, although ATPase
activity can be activated via reduction of a disul¢de
bond on the Q subunit. The oxidation state of this
disul¢de provides one of multiple levels of interre-
lated regulatory mechanisms to minimize ATPase ac-
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tivity in the absence of a proton gradient. The dark
decay of ATPase activity in thylakoids is accelerated
by the addition of ADP that becomes tightly bound
in the latent state [3^5]. Inhibition of ATPase activity
and the increase in a⁄nity of the site for ADP only
occur upon the addition of Mg2 [6,7]. Under these
conditions, the bound ADP apparently forms a com-
plex with Mg2 that prevents further catalysis. This
entrapment of Mg2^ADP serves a regulatory func-
tion in F1-ATPases from other organisms as well
[8,9].
During ATP synthesis, the binding of ADP and
phosphate induces a conformational change of the
catalytic site that creates an environment in which
the equilibrium constant of the tightly bound sub-
strates and products approaches unity [10]. At su⁄-
ciently low substrate concentrations, it is estimated
that interconversion between substrates and products
can occur up to 400 times prior to product release.
Thus, synthesis of bound ATP does not require the
energy from the proton gradient. Rather, the proton-
motive force drives two sequential conformational
changes of the catalytic site that decrease the a⁄nity
of the enzyme for ATP relative to ADP. This facil-
itates the selective dissociation of ATP against the
unfavorable chemical gradient. The conformational
changes only occur when an adjacent empty catalytic
site ¢lls with substrate. Thus, in this binding-change
mechanism the conformations of the catalytic site are
staggered and work in a cooperative manner [10,11].
The asymmetry of the three catalytic sites, designated
LE, LDP, LTP, in the crystal structure of F1 from
bovine heart mitochondria con¢rms the existence of
three conformations of the catalytic sites [11].
The observation that ATPase activity in soluble F1
can cause the Q subunit to rotate provided insight
into the mechanism in which the proton gradient
drives the conformational changes of the L subunits
in a cooperative manner [12^14]. Using an actin ¢l-
ament decorated with £uorescent groups attached to
the Q subunit, ATPase activity can be observed to
drive the counterclockwise rotation of this subunit
with a £uorescence microscope [14]. Based on the
direction of rotation, the sequential progression of
conformations of each catalytic site is LECLTP
CLDPCLE during ATP hydrolysis.
The asymmetry of the catalytic sites that is neces-
sary for the binding-change mechanism depends on
the Q subunit and Mg2. In the absence of the Q sub-
unit and Mg2, the crystal structure of the K3L3 com-
plex from the thermophilic Bacillus PS3 has threefold
symmetry [15]. In the rat liver F1 structure, which
was crystallized in the absence of Mg2, the K3L3
portion of the structure also shows threefold symme-
try despite the presence of the Q subunit [16].
Nucleotides bind to the catalytic sites as a complex
with Mg2 [17], which serves as a cofactor for the
reaction. Several metals will substitute in a functional
manner for Mg2 [18]. In the absence of Mg2, the
three catalytic sites of F1 from Escherichia coli bind
ATP with the same a⁄nity [19]. However, the a⁄nity
of the Mg2^ATP complex di¡ers by more than ¢ve
orders of magnitude between the sites with highest
and lowest a⁄nity. This strongly suggests that the
changes in coordination of the metal at the catalytic
site play a critical role in the protein conformational
changes that promote the selective release of ATP
from the enzyme.
It is possible for the Mg2 bound at each catalytic
site to have up to six ligands. However in the two
catalytic sites in the crystal structure of F1 from bo-
vine mitochondria that contain Mg2^nucleotide,
only the oxygens of the nucleotide-phosphates and
the hydroxyl of LT156 were within the 2.5 Aî distance
that would suggest that they were ligands [11]. We
have been identifying the groups that serve as metal
ligands by EPR spectroscopy of vanadyl (VO2)
bound at individual speci¢c sites and following
changes in the EPR signal upon activation of the
enzyme or as a result of single steps in catalysis.
2. Use of vanadyl (VO2+) to study Mg2+-binding sites
Vanadyl is composed of the metal, VIV double-
bonded to oxygen that results in a molecule with a
net charge of 2+. Vanadyl has four equatorial li-
gands and one axial ligand that is trans to the oxo
group. Like Mg2, the ligands to VO2 adopt an
octahedral con¢guration. In addition, VO2 has a
single unpaired electron and a nuclear spin I = 7/2.
Due to the anisotropy that results from the oxo
group, the EPR spectrum of VO2 consists of eight
transitions that arise from that fraction of molecules
where the molecular axis (de¢ned by the VNO bond)
is aligned parallel with the magnetic ¢eld of the spec-
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trometer, and eight transitions from the perpendicu-
lar alignment for a total of 16 (Fig. 1). The center of
each group of 8 transitions and the spacing between
the them is determined by the values of g and A,
respectively.1 Thus, the EPR spectrum for VO2
will be de¢ned by parallel and perpendicular values
of g and A. The magnitude of these values depends
on the strength of the hyper¢ne coupling between the
unpaired electron and the 51V nucleus.
The 51V-hyper¢ne coupling of VO2 is sensitive to
the types of groups coordinated at the equatorial
positions [21]. Fig. 1 shows the EPR spectra and
hyper¢ne coupling of VO2 when the four equatorial
ligands are either water or hydroxyl groups. The de-
pendence of the position of the 35/2N transition of
the EPR signal on the type of groups ligated is also
shown in the inset of Fig. 1. Each ligand contributes
independently to the 51V-hyper¢ne coupling, en-
abling the complement of the four di¡erent ligands
to be discerned [21,22]. Based on the measured cou-
pling constants of AN from studies of model com-
plexes, the hyper¢ne coupling for a given group of
equatorial ligands can be calculated from the equa-
tion
ANcalc  4 niANi=4 1
where i counts the di¡erent types of equatorial ligand
donor groups, ni (ni = 1^4) is the number of ligands
of type i, and AN is the measured coupling constant
for the equatorial ligand donor group of type i [21].
Similar equations can be written for gN and for Aiso,
although the changes in AN are the largest and most
easily discerned.
To estimate the types of groups that serve as equa-
torial ligands to vanadyl, the 51V-hyper¢ne parame-
ters are obtained by simulation of the entire EPR
spectrum [23,24]. We have used the computer pro-
gram QPOWA that simulates the entire EPR spec-
trum of VO2 upon input of the experimental con-
ditions used to obtain the EPR spectrum. When AN
and gN are varied, a close ¢t between the experimen-
tal and simulated spectra can be obtained. Quantita-
tive evaluation of the 51V-hyper¢ne parameters
Fig. 1. Equatorial ligands determine 51V-hyper¢ne parameters
of VO2. EPR spectra of VO2 with waters (top) or hydroxyl
groups (bottom) as equatorial ligands. The parallel transitions
(37/2N, 35/2N, +3/2N, +5/2N, and +7/2N) that are not superim-
posed with perpendicular transitions are identi¢ed. Inset: de-
pendence of the 35/2N transition on the type of equatorial li-
gands.
Fig. 2. (A) ORTEP diagram of VO(aeida)(H2O). (B) a: simulat-
ed EPR spectrum of A using the values for the ligands derived
from Eq. 1; b: experimental EPR spectrum of A.
1 For a general introduction to the spectroscopic parameters g
and A, refer to Wertz et al. [20].
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rather than the use of the more qualitative changes in
the EPR spectrum is important. This is because dif-
ferences in experimental conditions, especially the
microwave frequency, can change the experimental
EPR spectrum without a¡ecting the 51V-hyper¢ne
parameters.
Eq. 1 was derived empirically using the 51V-hyper-
¢ne parameters observed upon examination of frozen
solutions of the metal with a potential ligand [21]. As
a result the VO2 ligands that gave rise to the spectra
were not known with any certainty. We have recently
examined the EPR spectra of model compounds of
VO2 for which the ligands were determined crystal-
lographically to test the accuracy of Eq. 1 [25]. In
one such example, VO(aeida)(H2O) contains two car-
boxyl groups, one amino group and a water molecule
as equatorial ligands (Fig. 2). From Eq. 1, the calcu-
lated values of AN and gN are 513 MHz, and 1.9425,
respectively. The best ¢t of the simulated to the ex-
perimental EPR spectrum of this complex resulted in
values of AN and gN of 509 MHz and 1.945, respec-
tively. There are 211 possible sets of equatorial li-
gands to protein-bound VO2 when the smaller dif-
ferences due to oxygen coordination by carboxyl
(e.g., aspartate), carbonyl from groups like aspara-
gine, and phosphate are not discerned, and when
extremely rare groups resulting from post-transla-
tional modi¢cation are excluded.
An important attribute of using VO2 to examine
metal binding sites, is that the EPR signal in frozen
solution from VO2 that is not bound to protein is
suppressed by aggregation in Hepes bu¡er [21]. Fur-
thermore, the signal intensity that remains from the
unbound VO2 in solution can be distinguished from
that which arises from enzyme-bound VO2 when
examined at room temperature. At this temperature
the enzyme-bound VO2 species will still resolve the
parallel and perpendicular features usually observed
at liquid nitrogen temperatures. However, at room
temperature, the VO2 in solution will only show
the rotationally averaged EPR signal.
3. VO2+ is a functional surrogate for Mg2+ in CF1
To determine the e⁄cacy of VO2 as a functional
cofactor of CF1, the ability of thylakoid membranes
to catalyze VO2-dependent photophosphorylation is
shown in Fig. 3. To control for any possible contam-
ination in the puri¢ed thylakoids used for the VO2^
ATP synthesis assay by Mg2 or other metals that
could serve as a cofactor, the rate in the absence of
added cofactor is also shown. The rate of VO2-de-
pendent ATP synthesis after subtraction of the activ-
ity observed in the absence of added metal was 1608
Wmol (mg Chlorophyll) h31, which is close to re-
ported values for photophosphorylation with Mg2
[26].
Puri¢ed spinach CF1 can also use VO2 as a co-
factor for ATP hydrolysis [18]. Higher rates of ATP-
ase activity were observed with VO2 than with
either Ca2 or Mg2 at both the 0.5:1 and 1:1 met-
al/ATP ratios. With excess metal, the ATPase rates
with VO2 versus Mg2 were comparable but were
somewhat lower than those with Ca2.
4. CF1 contains well-de¢ned binding sites for
metal^nucleotide complexes
Procedures have been found that allow speci¢c
catalytic or noncatalytic binding sites of CF1 to be
¢lled with metal^nucleotide complexes [27,28]. Three
nucleotide-binding sites were initially characterized
that were designated Sites 1^3 in order of decreasing
a⁄nity for nucleotide. The dissociation constants for
Fig. 3. Rates of light-dependent ATP synthesis in puri¢ed thy-
lakoids from spinach in the presence (F) or absence (b) of 0.5
mM VO2. The reaction mixture also contained 50 mM Tricine
(pH 8.3), 2 mM ADP, 2 mM phosphate, and 0.08 mM phena-
zine methosulfate.
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ATP or ADP binding to Site 3 are in the micromolar
range and can be removed from CF1 via gel ¢ltration
chromatography. Site 2 binds Mg2^ATP speci¢cally
and with very high a⁄nity. This site remains occu-
pied even after extensive turnover of the enzyme.
Depletion of Mg2^ATP from Site 2 requires partial
unfolding of CF1 by precipitation in ammonium sul-
fate in the presence of EDTA. Gel ¢ltration chroma-
tography of the resuspended protein with bu¡er that
contains EDTA removes the metal nucleotide from
this site. Site 1 contains Mg2^ADP that remains
bound to the enzyme after extensive dialysis or gel
¢ltration. However, ADP or ATP in the medium will
exchange with the nucleotide bound at this site. Sub-
sequently, an additional site was identi¢ed as Site 4.
This site binds nucleotide extremely tightly like Site
1, but can be distinguished from Site 1 in that only
Site 1 can bind TNP nucleotides [29]. Depletion of
Sites 1 and 4 of metal^nucleotide complex is facili-
tated by removal of the O subunit of CF1 [30].
Although it was well accepted that catalysis re-
quired the binding of nucleotide as a complex with
metal, the relationship between the tight metal-bind-
ing sites and the tight nucleotide binding sites was
unresolved. Some studies suggested that some of the
six total metal-binding sites known to exist on F1
were regulatory sites that did not complex with nu-
cleotide [31]. Although the crystal structure con-
¢rmed the presence of six metal binding sites, each
was found to be coordinated to the bound nucleo-
tides, and no additional regulatory metal-binding
sites were observed [11].
5. Characterization of metal^nucleotide binding sites
by EPR spectroscopy of bound VO2+
Fig. 4a shows the 35/2N transition of VO2 bound
as the VO2^ATP complex to Site 2 of latent CF1
[32,33]. This EPR signal designated species A was
identi¢ed as the VO2^ATP complex at Site 2 be-
cause this species was not depleted by extensive gel
¢ltration, but required precipitation of the protein in
ammonium sulfate and EDTA to remove the metal^
nucleotide from this site. The integrated intensity of
Species A calibrated by atomic absorption spectros-
copy of vanadium showed that this species saturated
upon binding of about one VO2 per CF1. Species A
exists as a 5.2 G doublet that results from superhy-
per¢ne coupling of a 31P nucleus from a single phos-
phate coordinated at an equatorial position.
Fig. 4b shows the 35/2N line of the EPR spectrum
after the addition of one equivalent of VO2^ADP to
latent CF1 depleted of metal^nucleotide from Site 3
[32,33]. The binding of VO2^ADP to Site 3 gave
rise to two EPR species designated B and C, with
the Species B form predominant. Activation of ATP-
ase activity of this sample with dithiothreitol caused
the signal intensity of species B to convert to species
C (Fig. 4c). Though 31P splittings are not well de-
¢ned in species C, line-shape analyses suggest that
this species is comprised of a 1:2:1 triplet character-
istic of a bidentate VO2^ADP complex. The con-
version of species B to C upon activation indicates
Fig. 4. The 35/2N transition(s) of VO2 bound to CF1 as: (a)
VO2^ATP at latent Site 2, (b) VO2^ADP bound to latent
Site 3, (c) VO2^ADP bound to activated Site 3, (d) VO2^
ATP bound to activated Site 3, and (e) VO2^ATP bound to
Site 1 using CF1-O.
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that EPR spectra of bound VO2 can reveal struc-
tural changes in the metal-binding site of the enzyme
in solution.
When VO2^ATP is bound to Site 3 of latent CF1,
EPR species B and C are also observed in the same
proportion as observed in Fig. 4b [34]. Upon activa-
tion, the signal intensity from species B is converted
into species C and an additional species designated D
(Fig. 4d). The transitions in Species D are signi¢-
cantly broader than observed in the other EPR spe-
cies. This may be the result of coordination by as
many as all three phosphates, although the splitting
due to 31P-superhyper¢ne coupling is not resolved in
the spectrum. The metal^nucleotides bound to high-
a⁄nity Sites 1 and 4 are more easily depleted from
CF1 after the O subunit has been removed [30]. Ad-
dition of an equivalent of VO2^nucleotide to CF1-O
results in the formation of EPR species designated E
and F (Fig. 4e).
The F1-ATPase is susceptible to inhibition when
the metal cofactor binds in the absence of nucleotide.
Under these conditions, Mn2 binds to latent CF1
depleted of Sites 2 and 3 to two sites in a cooperative
manner [35,36]. Cooperative binding of VO2 to two
sites is also observed under these conditions [32].
Both sites bind VO2 in a manner that gives rise to
an EPR species closely similar to Species B.
6. ESEEM spectroscopy identi¢es coordinated
nitrogen
In continuous-wave EPR (cwEPR) experiments
such as those described above, the magnetic ¢eld is
scanned while the sample is subjected to continuous
microwave radiation. Fewer combinations of ligands
give rise to the extremes of AN and gN than give rise
to intermediate values of these parameters. Although
the interactions between the electron spin of VO2
and the strongly coupled spins of nearby 31P can
sometimes be observed as splittings in the cwEPR
spectrum, similar interactions with more weakly
coupled nuclei are not perceptible under these con-
ditions. Fortunately, the combinations that result in
intermediate values of AN and gN typically include
coordinated nitrogens from lysine or histidine. Coor-
dination by these groups can be discerned directly by
a pulsed EPR technique known as electron spin-echo
envelope modulation (ESEEM) spectroscopy [37,38].
ESEEM spectroscopy is a particularly sensitive
means of determining the presence of coordinated
14N (I = 1) that is weakly coupled to the electron
spin of VO2 (S = 1/2).
When CF1 depleted of metal^nucleotide from Site
3 binds an equivalent of VO2, an EPR species
closely similar to species B is observed using cwEPR
[18]. The three-pulse (stimulated echo) ESEEM spec-
trum from the 1/2N;P transition of this cwEPR spec-
trum has features at frequencies of 3.9 and 7.6 MHz
(Fig. 5a). When these spectra were obtained at di¡er-
ent magnetic ¢elds, the shift of the frequencies with
¢eld identi¢ed these features as double quantum
transitions of 14N. The isotropic superhyper¢ne cou-
pling (A0) calculated from the frequencies was about
5.0 MHz. Equatorial coordination of VO2 by 14N
of lysine or histidine typically results in values 4.0^
5.6 and 6.3^7.5 MHz, respectively. This indicates
that the VO2 bound to Site 3 under these conditions
Fig. 5. Electron spin-echo envelope modulation spectra of
VO2 bound to Site 3 of CF1. (a) VO2 bound without nucleo-
tide at Site 3 that results in cwEPR species B. (b) VO2 bound
as VO2^ADP at latent Site 3 that results in cwEPR species B
and C. (c) VO2 bound as VO2^ADP at activated Site 3 that
results in cwEPR species C.
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had a lysine amino group as an equatorial ligand
[18].
Under conditions in which VO2^ATP bound to
Site 3 gives rise only to EPR species C, the ESEEM
spectrum did not indicate the presence of coordina-
tion by 14N (Fig. 5c) [33]. However, formation of
EPR species B by addition of an equivalent of the
VO2^ATP complex to latent CF1 depleted of Site 3
results in an ESEEM spectrum that contains reso-
nances at 1.9 and 3.9 MHz (Fig. 5b). The 3.9 MHz
feature observed here is signi¢cantly narrower than
that from VO2 bound without nucleotide. Although
these results suggested ligation by 14N, the couplings
were too weak to arise from 14N coordinated equa-
torially.
When we examined ESEEM spectra of crystallo-
graphically de¢ned VO2 model complexes that con-
tain amino-14N coordinated trans to the oxo of
VO2, we found similar spectral features to those
observed from species B that arises from VO2^
ATP bound at Site 3 [39]. From these data the super-
hyper¢ne coupling constant of about 1.3 MHz was
measured for an amine coordinated at the axial po-
sition. The data indicate that not only can axial ni-
trogen donors to VO2 be detected, but they can also
be distinguished from nitrogen coordinated in the
equatorial plane of the vanadyl ion. The similarity
of the ESEEM spectra of these model complexes and
of CF1 containing VO2^ATP suggests axial coordi-
nation by an amino group from a lysine. Some di¡er-
ences are expected between the model complexes and
the protein because a tertiary amine was coordinated
in the former.
In summary, when Site 3 is ¢lled with VO2 or
with VO2^nucleotide complex, only minor di¡eren-
ces are apparent in the cwEPR spectrum. However,
ESEEM analyses indicate an axial amino nitrogen
ligand to VO2 bound as the VO2^nucleotide com-
plex as opposed to an equatorial amino nitrogen li-
gand to VO2 bound in the absence of nucleotide.
Once VO2 is bound in this latter con¢guration, sub-
sequent addition of ATP cannot displace the coordi-
nated amino group from its equatorial position. This
provides insight into the underlying basis for free-
metal inhibition of ATPase activity that is observed
with F1.
7. Location of CF1 metal^nucleotide binding sites
The catalytic sites of chloroplast F1 are thought to
be Sites 1, 3, and 4. The a⁄nity for Mg2^nucleotide
complexes is much higher for Sites 1 and 4 than for
Site 3 (KdV1 WM) suggesting that Site 3 correlates
with LE of mitochondrial F1. Recently, the crystal
structure of MF1 modi¢ed with 4-chloro-7-nitroben-
zofurazan (NBD-Cl) was determined [40]. This re-
agent covalently modi¢es the phenolic oxygen of
MF1LEY311 uniquely on the LE subunit. We found
that VO2^ATP is not able to bind to Site 3 of
NBD-modi¢ed chloroplast F1. The NBD moiety
can be removed from this tyrosine by reaction with
dithiothreitol. After the NBD adduct was removed,
the enzyme recovered its ability to bind VO2^ATP
at Site 3. Modi¢cation of the Chlamydomonas CF1
LY317F mutant (equivalent to MF1Y311) with
NBD-Cl did not a¡ect the binding of VO2^ATP
to Site 3, indicating that the block in the wild type
was due to the speci¢c modi¢cation of this residue.
The spatial relationship between the nucleotides at
Sites 1^3 and speci¢c sidechains on CF1 was estab-
lished using £uorescence resonance energy transfer
Table 1
Comparison of distances measured by £uorescence resonance energy transfer of £uorescent groups bound to spinach chloroplast F1
[41] with those from the crystal structure of bovine mitochondrial F1 [11]
Distance (Aî )a
CF1 Site 1 MF1LDP F1 Site 2 MF1KE CF1QC89 MF1QC89b
CF1 Site 2 (MF1KE) 43.3 35.4
CF1QC89 (MF1QC89)b 51.6 51.7 51.4 47.3
CF1KK378 (MF1KK378)b 63.7 65.5 35.0 34.3 37.6 48.9
aDistances in the crystal structure were measured to the group on the protein or nucleotide that contained the £uorescent moiety in
the FRET measurements and do not account for the length of the £uorescent groups themselves.
bSequence positions shown are for spinach CF1 although the analogous residue in MF1 was used in the measurement.
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Fig. 6. Superposition of the £uorescence resonance energy transfer map of spinach chloroplast F1 [41] on the crystal structure of bo-
vine mitochondria F1-ATPase [11] based on the assignment of Site 3 (N3) as LE. (A) Bottom view. N1, Site 1; N2, Site 2; LY, Luci-
fer yellow modi¢cation site, CF1KK378; L, covalently modi¢ed only upon illumination of thylakoids, CF1QC89; S-S, regulatory disul-
¢de, CF1QC199 and QC205; A, CF1OC6. (B) Cross section with approximate positions A and S-S relative to LE. The catch loop of LE
is designated by an asterisk.
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(FRET) to measure distances to £uorescent TNP
nucleotides [41]. The location of Site 4 is as yet un-
determined due to the inability to ¢ll this site with
the £uorescent analog. The reagent Lucifer Yellow
VS, a £uorescent vinyl sulfone derivative, reacts spe-
ci¢cally with KK378 on only one of the three K sub-
units of spinach CF1. The positions of this group as
well as sulfhydryl groups on the Q and O subunits
were also determined relative to the nucleotide bind-
ing sites upon covalent modi¢cation with £uorescent
derivatives [41].
When we used the identity of Site 3 and LE to align
the FRET map with the MF1 crystal structure (Fig.
6), the positions of every residue on this map except
for the cysteine on the L subunit C-terminus ¢t to the
crystal structure of MF1 remarkably well. Four of
the six measurable distances di¡ered by less than
4 Aî (Table 1). The asymmetric location of the
KK378 relative to the catalytic and noncatalytic nu-
cleotide binding sites indicates that the FRET map
as shown in Fig. 6 is the mirror image of the struc-
ture originally derived. The FRET data could not
provide information that would distinguish between
the mirror images.
From the superposition of the two structures, Sites
1, 2, and 4 correlate to LDP, KE, and LTP, respec-
tively. It is noteworthy that superposition of the
FRET map on the crystal structure places the O sub-
unit as well as the Q subunit disul¢de involved in
activation of catalytic activity adjacent to the LE-
DELSEED and to KTP. Though present in the crys-
tals, the structures of these regions of the protein
were not resolved in the crystal structures published
to date. The correlation of Site 3 and LE is important
because little is understood concerning the binding of
metal^nucleotide complexes to the LE site even
though the enzyme operates at maximum e⁄ciency
when all three catalytic sites are ¢lled. Thus, the EPR
studies of VO2 bound to Site 3 provide important
structural information available concerning this site.
Finally, the experiments of Noji et al. [14] not only
show that ATPase activity can drive the rotation of
the Q subunit, but demonstrate the direction of the
rotation. With the correlation of Sites 1 and 3 with
LDP and LE, respectively, the sequential order of con-
formational changes of each catalytic site is Site
3CSite 4CSite 1CSite 3 in the ATPase direction.
Consequently, it possible to ¢ll speci¢c sites in the
functional enzyme and examine each conformation
of the catalytic site in the context of its position in
the catalytic cycle.
8. Identi¢cation of speci¢c amino acid residues as
metal ligands
8.1. LT168, the P-loop threonine
Of the six possible metal ligands at each catalytic
site of the bovine mitochondrial F1-ATPase, only the
oxygens from the nucleotide-phosphates and from
T156 on the L subunit were within 2.5 Aî of the metal
in the crystal structure [11]. This residue is part of
the Walker homology A or phosphate-binding loop
(P-loop) motif GXXXXGKT that is common to
many enzymes that catalyze the hydrolysis of ATP
[42]. Based on available crystal structures, the hy-
droxyl group of the threonine typically coordinates
to the Mg2 cofactor of the enzyme-bound Mg2^
nucleotide complex as it does in F1 [11].
The e¡ects of site-directed mutations of the P-loop
threonine on the EPR spectra of VO2 bound to Site
3 of CF1 were examined to determine whether
changes could be observed in a manner that would
indicate that this residue is a metal ligand [43]. The
mutations were made in Chlamydomonas reinhardtii
to the atpB gene in the chloroplast genome that en-
codes the L subunit of CF1. A construct that con-
tained a 5.3 kb fragment of atpB as well as an atpA^
aadA cassette was used to make the mutations. The
atpA^aadA cassette included the promoter of the
atpA gene and aadA that encodes a protein against
the antibiotic spectinomycin.
The biolistic particle delivery system commonly
known as the gene gun was used to transform the
CC-373 strain of Chlamydomonas. This strain has a
2.5 kb deletion that starts close to the 5P-end of atpB.
Growth of the transformed cells on spectinomycin
facilitated the transformation of all of the approxi-
mately 80 copies of the chloroplast genome of Chla-
mydomonas. With these methods it is possible to cre-
ate site-directed mutants to a multisubunit enzyme
present in an organelle of a eukaryote in a manner
that allows the self assembly of subunits in vivo.
None of the mutations was found to change the
51V-hyper¢ne parameters of species B that arises
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from VO2^nucleotide bound to Site 3. However,
species C was altered from the wild type in every
mutant examined. In the LT168C mutant, the value
of AN for Species C increased about 13 MHz from
that of wild type. The ligand set that gives the best ¢t
to the data from the LT168C mutant contains a sulf-
hydryl and a phosphate or carboxyl oxygen as li-
gands in lieu of the hydroxyl oxygens. The value of
AN for the LT168D mutation increased by 4 MHz
from that of wild type. This is a signi¢cant change
in AN even though the best ¢t of the data that makes
any sense with regard to the known groups in the site
occurs when the oxygens from the threonine hydrox-
yl and a carboxyl/phosphate of the wild type are
replaced by two amine nitrogens. These substitutions
result in AN of 462.6 MHz, which is within 1.1 MHz
from that observed experimentally with LT168D.
The introduction of a hydrophobic leucine sidechain
at position L168 reduced by more than 95% the
amount of VO2 bound to Site 3 in the EPR Species
C conformation relative to that of the wild-type en-
zyme. Consequently, the signal intensity of the resid-
ual Species C was insu⁄cient to suggest a possible
equatorial ligand set.
In EF1, these mutants decreased the a⁄nity of the
catalytic sites for ATP under unisite conditions and
multisite conditions [44,45]. The EPR results pre-
sented by Chen et al. [43] were obtained under con-
ditions in which the amount of VO2^ATP added
was stoichiometric to metal^nucleotide depleted, cat-
alytic Site 3 when the enzyme contained Mg2^nu-
cleotide bound to at least one other catalytic site (i.e.,
Site 1 and/or 4). Under these conditions, the T168L
mutant bound the same total amount of vanadyl, but
all of it was in the form that gave rise to EPR Species
B. This supports previous results that Species B and
C are derived from VO2 bound in two conforma-
tions at the same location.
The other LT168 mutations a¡ected the propor-
tional binding of VO2^ATP in the forms that give
rise to species B and C as well [43]. Mutations that
introduced either the sulfhydryl or carboxyl groups
bound the species C form to the same extent as the
wild type. However, these mutations increased the
amount of VO2 bound in the Species B form such
that there was a net increase in the occupancy of Site
3 upon addition of a single equivalent of the metal.
Thus, mutant-induced changes in the EPR signal in-
tensity of bound VO2 are also an indication that the
residue in£uences the metal binding site.
These results indicate that LT168 contributes a
hydroxyl group as an equatorial metal ligand when
VO2 binds to Site 3 in the manner that gives rise to
EPR species C, the form present exclusively upon
activation of the enzyme. Thus, it is possible to iden-
tify a metal ligand by site-directed mutagenesis in
combination with EPR spectroscopy of VO2. This
was also the ¢rst direct evidence to indicate that Site
3 is a catalytic site. The lack of a change in the 51V-
hyper¢ne parameters of EPR species B with these
mutants indicates that the P-loop threonine is not
an equatorial ligand to VO2 in the form that pre-
dominates in the latent state. The low ATPase activ-
ity in the latent state may in part result from the
inability of T168 to coordinate to the metal at cata-
lytic Site 3.
8.2. LY317, the catch-loop tyrosine
The mechanism in which the energy yield from the
£ux of protons through F0 is coupled to ATP syn-
thesis in F1 involves movement of the Q subunit [12^
14]. The parts of the Q subunit resolved in the crystal
structure exist as a coiled coil of K-helices that extend
the length of the core of F1 formed by the surround-
ing K and L subunits. Several experiments indicate
that hydrolysis of ATP at the catalytic sites can drive
the rotation of the Q subunit relative to the L subunits
[12^14].
The Q and L subunits are in contact at three known
locations [11]. One of the major speci¢c interactions
between these subunits occurs via hydrogen bonds
between Q subunit residues MF1QR254 and Q255
and loop residues on LE (MF1LD316, LT318, and
LD319), such that this loop is designated the catch
loop (Fig. 6, asterisk). The sequential progression of
conformational changes in the catalytic sites is
thought to originate from the changes in these con-
tact points as the Q subunit moves relative to the
three L subunits. Mutations to QN256 or to DDLTD
(MF1L315^319) lowered the cooperativity of EF1
catalysis and energy coupling [46].
The ¢rst residue of the catch loop is LY311 that
makes the transition from the carboxyl end of
L-strand 7 into a loop on LE that is in contact with
the Q subunit in MF1 [11]. In the LDP and LTP cata-
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lytic sites of the crystal structure Y311 is 9.7 Aî from
the bound Mg2. However, the location of this res-
idue in the binding pocket is supported by chemical
modi¢cation of F1 with NBD-Cl that results in com-
plete inactivation of catalytic activity [40,47^49].
In E. coli F1, the mutant LY297C grew at about a
third of the rate of the wild type, and the F1-depen-
dent ATPase activity was about 1% of that of wild
type [50]. However, the LY307C mutant of F1 in
thermophilic bacteria [51] as well as the LY297F mu-
tation in E. coli [52] showed smaller e¡ects relative to
wild type on the activity of the F1 from these respec-
tive organisms. When we made mutations to the
catch-loop tyrosine in Chlamydomonas (LY317C, E,
F, G, and K), catalytic activity was less than 10% of
wild type with the exception of Y317F. This latter
mutant had ATPase and photophosphorylation ac-
tivities 50% and 80% of the wild type. In every case,
the Chlamydomonas Y317 mutations decreased kcat
of ATPase activity to a much greater extent than
kcat/Km. This indicates that Y317 has a more impor-
tant role in product (Mg2^ADP and phosphate)
release than in catalysis or substrate (Mg2^ATP)
binding. Thus, in the ATP synthase reaction, this
tyrosine is important for the initial binding of
Mg2^ADP and phosphate and the ¢rst conforma-
tional change that results in tightly-bound substrates.
As observed with the P-loop threonine mutations,
all of the Chlamydomonas Y317 mutations changed
the 51V-hyper¢ne parameters of EPR Species C from
the wild type while not a¡ecting species B. The value
of AN in the LY317F, E, G, and K mutants increased
by about 10.5, 11.3, 11.3, and 2.0 MHz, respectively,
and increased by about 4.1 MHz in LY317C. In ad-
dition, the ratio of the Species C/B signal intensity in
wild type decreased from the wild-type value of 0.87
to 0.21, 0.26, 0.24, 0.71, and 0.43 in the LY317F, E,
G, K, and C mutants, respectively. The decreases in
the C/B ratio observed for all mutants suggest that
the binding of VO2^nucleotide to the species C
form of Site 3 of the mutants is less favorable than
in wild-type CF1. These results indicate that the ty-
rosine coordinates the metal in the species C form of
Site 3. Since Site 3 corresponds to LE, the kinetic
data that show that this tyrosine is important for
the initial binding of Mg2^ADP and phosphate
and the ¢rst conformational change that results in
tightly bound substrates.
If the F1-ATPase functions as a stepping motor as
proposed [12^14], rotation of the Q subunit relative to
the L subunits would drive the sequential conforma-
tional changes of the catalytic sites via contact points
like the catch loop, with the hydrogen bonds at this
site contributing to the stepping function. Given the
location of the catch-loop tyrosine, the dislocation of
this tyrosine that results from the binding of Mg2^
ADP and phosphate during photophosphorylation
may break the hydrogen bonds to the Q subunit.
This would allow the Q subunit to rotate, thereby
changing the conformation of the catalytic sites.
Although Y317F and Y317G are both incapable
of providing a ligand to the metal, and both mutants
have apparently formed the same alternative equato-
rial ligands to the VO2^nucleotide, only Y317F has
substantial catalytic function. The obvious di¡erence
between these residues is that phenylalanine has a
large, hydrophobic side chain with substantial ri-
gidity, whereas glycine essentially lacks a sidechain
and increases £exibility of the catch loop. The lack of
catalytic function in the other mutants examined
may also be explained by the absence of a large, rigid
group at this position that would be displaced by the
binding of the metal^nucleotide complex. Thus, co-
ordination of the metal by the catch-loop tyrosine is
not a prerequisite for catalytic function, though the
higher activity observed when the metal can ligate
via the tyrosine probably results from increased ‘me-
chanical e⁄ciency’.
8.3. LE193, the putative catalytic base
In LTP of bovine MF1, LE188 is hydrogen-bonded
to a water molecule that is 4.4 Aî from the Q-phos-
phate of the nucleotide [11]. Consequently, this resi-
due is in a position that could activate the water to
promote nucleophilic attack of the terminal phos-
phate. However, this residue is also close enough to
the bound metal at this site to serve as a metal ligand
in this or another catalytic site. The interference by
Mg2 with the ability of dicyclohexylcarbodiimide to
covalently modify this or nearby residues with con-
current inactivation suggested a role for LE188 as a
metal ligand [53,54]. Analysis of LE181Q in E. coli
(equivalent to E188 in MF1) suggested a possible role
as a metal ligand but also supported its function as a
catalytic base [54,55].
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The vanadyl model complex [VO(H2O)ada] was
synthesized so as to contain a group comparable to
the asparagine side chain as a potential ligand [25].
Analysis of this model complex by crystallography
revealed that this group does coordinate VO2 via
the carbonyl oxygen. Thus, from the EPR spectrum
of [VO(H2O)ada] we were able to derive the contri-
bution of this group to the 51V-hyper¢ne coupling.
When VO2^ATP was bound to Site 3 of the
LE193Q mutant2 of Chlamydomonas CF1, (equiva-
lent to LE188 in MF1) the 51V-hyper¢ne parameters
of species B and C were virtually identical to that of
the wild type [57]. On this basis, it was concluded
that this carboxyl is not an equatorial metal ligand
at Site 3. It is noteworthy however, that the contri-
butions of coordinated glutamate and glutamine to
the 51V hyper¢ne parameters are close enough that
substantial signal averaging is necessary to distin-
guish them as a ligand to VO2.
8.4. LD262, the Walker homology B aspartate
The Walker homology B (WHB) motif is also con-
served among several Mg2^nucleotide binding pro-
teins [58]. This motif, with the consensus sequence of
four hydrophobic residues followed by an aspartate,
terminates a L-strand with the carboxyl group facing
the binding pocket for metal^nucleotide [11]. The
aspartate carboxyl of WHB has been suggested to
hydrogen bond to a water molecule that is coordi-
nated to the metal, or to coordinate to Mg2 directly
[56,59,60]. The crystal structure of the bovine mito-
chondrial F1-ATPase shows the closest carboxyl-oxy-
gen of this residue to be 3.9 and 4.3 Aî from the metal
at LTP and LDP, respectively.
Mutations LD262C, H, N, and T were made at the
WHB-aspartate position in Chlamydomonas [61].
None of these mutations altered the 51V-hyper¢ne
parameters of EPR species C signi¢cantly when
VO2^ATP was bound to Site 3. This indicates
that the group at this position is neither an equato-
rial ligand to VO2, nor is it hydrogen-bonded to a
water molecule coordinated at an equatorial position
of the metal. However, every mutation changed the
ratio of signal intensities species C/B and/or the 51V-
hyper¢ne parameters of EPR species B.
In the D262H mutant there was a 4.4 MHz de-
crease in AN of species B which ¢ts best to an equa-
torial ligand set in which the only ligand that is sub-
stituted from the wild type is a carboxyl for a
histidine imidazole. The D262T mutation showed
an increase of 4 MHz relative to wild type that is
best ¢t to a double substitution of ligands where the
mutated carboxyl and also the hydroxyl are substi-
tuted for a lysine-type amino and a tyrosine. These
groups are available in the catalytic site for metal
coordination even though they are unexpected sub-
stitutions for this mutation. It is noteworthy that the
inverse mutation of a hydroxyl to a carboxyl
(T168D) also caused an unusual change in the li-
gand-binding environment. While Mg2-binding sites
can contain carboxyl and hydroxyl ligands, a balance
of these types of residues in each conformation of the
catalytic site must be critical for function.
No signi¢cant di¡erences in AN were expected for
Species B in the spectrum when VO2^ATP was
bound to Site 3 of the D262N mutant and none
was observed. Given the small di¡erences that an
aspartate and asparagine contribute to the hyper¢ne
coupling, extensive signal averaging is required to
resolve the resulting di¡erences in the spectra.
Thus, this lack of change serves as a negative con-
trol.
With the D262C mutant, a single substitution of a
sulfhydryl for a carboxyl group as an equatorial
VO2 ligand would decrease AN by 31.6 MHz though
no change in AN was observed. If, in addition to the
coordination of a sulfhydryl, a water substitutes for a
hydroxyl group as a ligand, the resulting value of AN
will be close to that observed for this mutant. The
D262C mutation also induces a large decrease in the
ratio of EPR species C/B which indicates that this
mutation signi¢cantly e¡ects Site 3, and supports the
possibility that a double ligand substitution has oc-
curred.
These results strongly suggest that the WHB car-
boxyl group is directly coordinated to the metal in
the metal^nucleotide conformation that predomi-
nates at Site 3 in the latent state of the enzyme.
That this aspartate is not an equatorial VO2 ligand
in species C, the form found exclusively upon activa-
2 Originally published as LE204 based on the open reading
frame of the atpB gene, subsequent N-terminal sequencing of
the Chlamydomonas L subunit determined that this residue is
LE193.
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tion, elucidates one of the speci¢c changes in metal
ligation that takes place at Site 3 upon activation.
The e¡ects of WHB aspartate mutations on EPR
signals E and F that form when VO2^nucleotides
bound to the high-a⁄nity catalytic sites in CF1-O has
also been examined. We found that neither EPR spe-
cies E or F was formed upon the binding of VO2^
nucleotide to CF1-O containing the D262H and
D262T mutations. Instead, EPR species with AN
and gN values comparable to the wild-type Site 3
were observed. Similar results were observed with
the D262C mutant, though an additional species
with AN of 529 MHz was also present.
The best ¢ts of EPR species E and F to Eq. 1
result from ligand sets that contain three oxygens
from coordinated carboxyls or phosphate and only
di¡er in that the forth ligand is either water or tyro-
sine, respectively. The EPR species with AN of 529
MHz in the D262C mutant is consistent with a sub-
stitution of the one of the carboxyl groups of EPR
species E with a water and, in the case of species F,
the substitution of one carboxyl and the tyrosine li-
gand with waters. These results suggest that the high-
a⁄nity conformation is still mostly retained in the
D262C mutant. In the other mutants, the obser-
vation of the EPR species as per the conformation
of the catalytic site with lower a⁄nity indicates that
the ability of the WHB aspartate to ligate the metal
contributes signi¢cantly to the ability of the metal^
nucleotide to bind in the high-a⁄nity conformation.
In E. coli F1, mutation of the WHB aspartate to
asparagine decreases the a⁄nity for nucleotide of
catalytic Sites 1 and 2 to that comparable to Site 3
[62]. This is consistent with the e¡ect of the WHB
aspartate mutations on the VO2^nucleotide bound
to CF1-O.
8.5. LE197
In the crystal structure of F1 from bovine mito-
chondria LE192 also faces the Mg2 at the catalytic
sites [11]. The carboxyl group of this residue (LE197
in Chlamydomonas) is about the same distance from
the metal as the WHB aspartate. These carboxyl
groups approach the metal at an angle close to nor-
mal. Mutations to the residue in E. coli F1 equivalent
to LE197 resulted in low rates of ATPase activity
with the exception of the aspartate mutant [63].
The altered dependence of the rate of ATPase on
Mg2 suggested that this group contributes to the
metal binding site. However, the Chlamydomonas
mutations LE197C, S, Q and D did not change the
51V-hyper¢ne values of species B or C when VO2
was bound to Site 3. Thus, this group is not an
equatorial ligand to VO2 bound to low-a⁄nity
Site 3 in either conformation.
The e¡ects of LE197 mutations on the EPR signals
from VO2^nucleotide bound to CF1-O strongly sug-
gest that this residue is a metal ligand in the high-
a⁄nity sites. With the conservative E197D mutation
that merely decreases the length of the sidechain,
VO2^nucleotide bound to the high-a⁄nity sites re-
sulted in the formation of EPR species with AN and
gN values comparable to EPR species C and D in lieu
of species E and F. The E197C and E197S mutations
had similar e¡ects on the VO2^nucleotide bound to
the high-a⁄nity sites of CF1-O as those of the WHB
aspartate mutants. In lieu of EPR species E or F,
EPR species with AN and gN values comparable to
the wild-type Site 3 were observed. Thus, one of the
carboxyl groups that contributes to the 51V-hyper¢ne
coupling of EPR species E and F is likely E197 and
the ability of this residue to ligate the metal contrib-
utes signi¢cantly to the ability of the metal^nucleo-
tide to bind in the high-a⁄nity conformation. The
E. coli F1 mutant LE185Q (analogous to CF1LE192)
decreased the a⁄nity for nucleotides to the high-af-
¢nity catalytic sites in a manner comparable to that
of EF1LD256 (the WHB aspartate) [62]. These results
are consistent with the role of this group as a metal
ligand to the high-a⁄nity site.
9. Summary
In the latent state (Fig. 7A), metal coordination of
the metal^nucleotide complex at Site 3 (LE), includes
an amino group and as well as the WHB aspartate
(D262), but does not include the P-loop threonine
(T168). These ligands are likely to contribute signi¢-
cantly to the inability of CF1 to catalyze ATP hy-
drolysis in the latent state. The conformational
changes at Site 3 that occur upon activation induced
by the reduction of the disul¢de in the Q subunit
cause the insertion of the P-loop threonine and the
catch-loop tyrosine (Y317) into the coordination
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sphere of the metal, displacing the WHB aspartate
and the amino group (Fig. 7B).
The larger e¡ects of the Y317 mutants on the kcat
than kcat/Km of ATPase activity indicate that this
residue is important to the product release step. Con-
versely, during ATP synthesis, this residue is then
important for the initial binding of Mg2^ADP and
phosphate to the empty catalytic site (Site 3). Since
the LE subunit is hydrogen bonded to the Q subunit
via the catch loop, movement of the tyrosine result-
ing from substrate binding may be su⁄cient to break
the hydrogen bonds. The resulting rotation of the
Q subunit would induce a conformational change in
the catalytic sites to confer the high-a⁄nity binding
of substrates that is a tenet of the binding-change
hypothesis. The rotation of the Q subunit also induces
the release of ATP from an adjacent catalytic site
that would allow formation of hydrogen bonds at
that catch loop. A possible consequence of this is
that the catch loop serves as an escapement mecha-
nism in which the energy of the proton gradient can
cause the rotation of the Q subunit only when the
empty site ¢lls with substrate.
The WHB aspartate (LD262) and LE197 have been
identi¢ed as metal ligands of the metal^nucleotide
complex bound to high-a⁄nity Site 1 (Fig. 7C). Co-
ordination by these residues contribute signi¢cantly
to the high a⁄nity with which the metal^nucleotide
complex binds much as the carboxyls in EDTA con-
tribute to the a⁄nity for Mg2. This is signi¢cant
because the evidence for the Binding-Change hypoth-
esis indicates that the nucleotide binds tightly and
inter-converts between ADP and ATP without the
input of energy from the proton gradient [10]. The
conformational changes driven by the proton gra-
dient serve to decrease the a⁄nity for ATP that en-
ables the nucleotide to dissociate. Because the metal
is essential to the changes in a⁄nity induced by the
F1F0 ATP synthase to allow the release of ATP
against an unfavorable concentration gradient, the
C
Fig. 7. Metal ligands of CF1 when metal^nucleotide is bound
to latent (A) and activated (B) Site 3 (LE), and to high-a⁄nity
Site 1 (C) based on changes in EPR species B, C, and E, re-
spectively, that result from site-directed mutations. Changes of
coordinates [11] were limited to translocation of the metal^nu-
cleotide complex 6 3 Aî and/or rotation of selected side chains.
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molecular basis for these changes in a⁄nity is be-
coming more clear as the changes in metal ligation
are more completely discerned.
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